The process of nutrient recovery from biogas digestate and the extraction of lactic acid from silages is technically feasible, but so far no investigations are available on the environmental sustainability of these technologies in the context of the biogas production chain. The aim of the present study is to show whether the recovery of nutrients from digestate (NR) and the extraction of lactic acid from silages (LA) can be integrated in the biogas production process system in an environmentally sustainable way. The modelling in the present study is based on the standards DIN ISO 14040 and DIN ISO 14044 and the results are evaluated with respect to the 100-year global warming potential, the primary energy demand and the eutrophication potential. Results show that the recovery of nutrients from digestate can be a sustainable solution to the problem of surplus nutrients in biogas regions. Furthermore, lactic acid, which is extracted from silages can provide an environmentally sustainable source of income for biogas plant operators. The urgency of the nutrient surplus problem in these regions calls for increased research and the support of policy makers to foster development activities.
Introduction
In the context of Germany's turnaround in energy policy, the sector of renewable energy technologies is increasing rapidly. The regulatory basis for the transition towards a sustainable energy supply is provided by the Act on Renewable Energies [1] . Although the Federal Government mainly focusses on the expansion of solar and wind power, the production of biogas is still an important contributor to the national energy supply [2] . Furthermore, Germany is a leader in the European Union in terms of the number of biogas plants and the total installed capacity [3, 4] . The anaerobic digestion for energy provision is state-of-the-art technology in Germany, but there is still need for optimization along the whole production chain with regard to new bio-refinery concepts [5] . Biogas plants in Germany are often situated in regions with high feedstock density, which causes an accumulation of nutrients [6] . To avoid over-fertilization of the soils and hence the leaching of nutrients to the groundwater, the use of biogas digestate in Germany is regulated by law [7] . Therefore, biogas digestate must be transported from regions of high livestock density to regions with nutrient deficits. This transport is often not economically feasible due to the high water content and low nutrient concentration of the digestate [6] . To overcome this issue, nutrients in terms of nitrogen and phosphorous need to be extracted and converted to highly concentrated products. Correspondent methods have been developed as part of the GOBi project [8] and described in detail by Ehmann et al. [9] and Frank et al. [10] . Furthermore, extraction techniques based on sorbents such as biochar or zeolites can be used to recover nutrients from digestate and are described in the literature [11] .
In addition, operators of biogas plants are looking for additional sources of income due to decreasing feed-in tariffs for energy from biogas and the mandatory direct marketing of electricity for biogas plants with an installed electrical output of more than 150 kW. Biogas plants are mainly fed with silages made from energy crops. The conservation of plant material for biogas feedstock based on ensiling in a lacto-acidic milieu is a commonly applied technique in agricultural practice. During ensiling, anaerobic and acido-tolerant bacteria form lactic acid, which lowers the pH-value in the silo and thus stabilizes the ensiled material for long-term storage. The ensiling process is described in several studies [12, 13] . The seepage of agricultural silages contains up to 6% of lactic acid [14] , which is currently fed into the biogas plant. There might be better options to use lactic acid as it is an important platform chemical with a broad application potential in the chemical industry. The possibility to extract lactic acid from silage is described by Danner et al. [15] . Furthermore, the digestibility of separated solids from lactic acid pressing in biogas digesters was recently shown in the context of the GOBI project [16, 17] .
Although the process of nutrient recovery and the extraction of lactic acid from silages is technically feasible, the sustainability of these bio-refinery concepts should be investigated in order to achieve the best possible ecological compatibility and high economic efficiency before implementation. Life cycle assessment (LCA) has proven to be a crucial method to carry out this evaluation [18] . In the context of the present work, Hanserud et al. [19] showed that phosphorous from manure, obtained by solid-liquid separation, can be transferred sustainably from livestock regions to arable regions. Regarding the environmental impact of extracting lactic acids from crop silages, no studies came to our knowledge. Furthermore, no studies on the environmental impacts of nutrient recovery from biogas digestate and the lactic acid extraction from silages integrated in the biogas process chain, were found.
In the present study, a bio-refinery concept was analyzed where the biogas process chain has been extended by: (i) the extraction of plant nutrients such as nitrogen (N) and phosphorus (P) from the digestate and (ii) by extracting lactic acid from the silage before anaerobic fermentation.
The aim of this work was to assess the environmental impacts of the nutrient recovery from biogas digestate and of the lactic acid extraction from silages used for biogas production. Furthermore, the aim was to show if these novel technologies can be integrated in the biogas production process chain in an environmentally sustainable way. Before practical implementation, it is essential to know the expectable environmental impacts of these novel processes in order to address the current challenges of nutrient surpluses and declining income quotas within the biogas sector in Germany. Therefore, a model of a biogas production system in Germany was set up and supplemented by the novel processes. Since the aim of the study was to provide assessments for the biogas sector in Germany in general, the model was based on averaged conditions for biogas production in the country. Therefore, common parameters of biogas plants in Germany regarding the installed power, the share of maize, triticale, grass and manure in the feedstock substrate were selected. This also included farming equipment, crop yields and farm-yard distance. Additionally, energy concepts relating to electricity feed-in to the grid and the proportion of heat utilization were selected according to current practice, which reflects the requirements of the federal legislation. To ensure practical feasibility of the averaged model, dimensions and operational parameters of the biogas plant were calculated and counterchecked with real conditions. This aspect also includes the digestibility of the chemical composition of the substrate mixture used. 
Materials and Methods

Scope and Goal Definition
The purpose of the nutrient recovery (NR) process, assessed in the present study is to provide a solution along the biogas process chain to solve the issue of nutrient surplus in biogas regions in Germany. The purpose of the lactic acid extraction (LA) from feedstock silages is to provide additional sources of income for biogas plant operators considering the decreasing feed-in tariffs for electricity from biogas in Germany. The environmental impacts of the technologies investigated were determined in relation to a reference biogas system (Figure 1) , which represents the common state of the art in Germany. Furthermore, the technologies were compared in order to investigate the benefits of the alternatives.
credit was given for the environmental pollution avoided. Digestate from biogas production was mainly used inside the system to fertilize the energy crops. However, to meet the specific nutrient requirements of energy crops, additional fertilization with minerals was required for a well-balanced supply. Consequently, there was a surplus of digestate, which was applied to cash crops as a measure of safe disposal. Therefore, the application of digestate and the associated environmental impacts were taken into account, but not the other cultivation processes for the cash crops. In a bio-refinery approach, the reference scenario (RF) was supplemented by a nutrient recovery scenario (NR) and a lactic acid scenario (LA). The corresponding process pathways are indicated in Figure 1 by valve symbols in the material flow. In the nutrient recovery scenario, the surplus of digestate was used for phosphorous and nitrogen recovery for nutrient export. In the lactic acid scenario, the silage was mechanically separated into a liquid fraction for subsequent lactic acid extraction and a solid fraction for digestion in the biogas plant.
Functional Unit
As functional unit (FU), 1 kWh of electrical energy, which is fed to the national grid, was introduced for all scenarios (FU = 1 kWhel). Modelling in the present study was based on the standards DIN ISO 14040 [20] and DIN ISO 14044 [21] . Data was collected from the literature, user manuals of installed equipment and own measurements conducted in the context of the GOBi project. LCA was conducted using software "thinkstep GaBi ts," (thinkstep, Leinfelden-Echterdingen, Germany) with the integrated database "Professional," version 8.7 as well as database "Ecoinvent," version 3.3 (ecoinvent, Zürich, Switzerland).
The system boundaries of the LCA model are shown in Figure 1 . The core of the model was a biogas power plant with 500 kW el installed electrical power including a combined heat and power unit (CHP). Feedstock for anaerobic digestion was provided by silage from energy crops and manure. The cultivation of energy crops with corresponding inputs was included in the model. Manure for digestion was considered as waste from livestock farming outside the system boundaries and no credit was given for the environmental pollution avoided. Digestate from biogas production was mainly used inside the system to fertilize the energy crops. However, to meet the specific nutrient requirements of energy crops, additional fertilization with minerals was required for a well-balanced supply. Consequently, there was a surplus of digestate, which was applied to cash crops as a measure of safe disposal. Therefore, the application of digestate and the associated environmental impacts were taken into account, but not the other cultivation processes for the cash crops. In a bio-refinery approach, the reference scenario (RF) was supplemented by a nutrient recovery scenario (NR) and a lactic acid scenario (LA). The corresponding process pathways are indicated in Figure 1 by valve symbols in the material flow. In the nutrient recovery scenario, the surplus of digestate was used for phosphorous and nitrogen recovery for nutrient export. In the lactic acid scenario, the silage was mechanically separated into a liquid fraction for subsequent lactic acid extraction and a solid fraction for digestion in the biogas plant. As functional unit (FU), 1 kWh of electrical energy, which is fed to the national grid, was introduced for all scenarios (FU = 1 kWh el ).
Consideration of Background Systems
The modelling of background processes was realized based on fully aggregated datasets provided by the databases, described above. The background systems consist of the construction, provision and use of machinery, the production and delivery of seeds to the farm gate, pesticides and fertilizers as well as the production and provision of energy. Furthermore, the disposal of compounds was considered as a background process. According to common practice, infrastructure such as roads and buildings were not considered in the model, as they have only little impact on the systems [22] [23] [24] .
Allocation
The major product of the biogas plant is electricity derived from biogas. However, within the scenarios of the present study additional valuable products are generated. Extracted lactic acid and recovered plant nutrients are considered valuable byproducts. The environmental impacts of the scenarios must be distributed across all valuable products in order to avoid a distortion of the environmental impacts and the conceivable benefits between the individual products. Since the valuable products of the present study consisted of a mixture of energy and materials used in non-energetic processes, the environmental impacts for the global warming potential (GWP) were allocated on the basis of assumed retail prices. It was assumed that biogas can be sold at 0.064 €·kWh −1 . Lactic acid was valued at 1 €·kg −1 considering the low quality of the obtained product. The price for P-salts was assumed to be 0.09 and 0.06 €·kg −1 for ammonium sulfate, respectively. As Germanys' rural biogas regions often lack suitable heat utilization concepts, the heat derived from biogas combustion was not considered in the allocation procedure.
Life Cycle Inventory
Crops and Crop Management
The biogas power plant was operated using 79% energy crops and 21% manure. The plant production was realized as a tripartite crop rotation. Maize silage had a share of 75% of the total energy crop input. Clover grass silage and triticale silage each had a share of 12.5%. The model covers all processes necessary for plant production, plant protection, harvesting and ensiling. Plant specific characteristics such as the specific demand for fertilizers and the nitrogen fixing ability of clover grass were considered. During the harvesting and ensiling processes, losses in the form of fresh matter and dry matter occur. The harvested yield was assumed to be 95% of the fresh biomass in the field. During ensiling, losses of 10% dry matter were assumed. Table 1 displays further assumptions concerning biogas production from energy crops and manure. Digestate was applied to the fields as fertilizer, either untreated or in the form of recovered nutrients. The nutrient composition of the digestate in terms of total nitrogen (N), phosphate (P 2 O 5 ) and potassium oxide (K 2 O) was calculated based on the amount of nutrients in the plants and thus on the nutrient uptake of the plants from the soil. The digestate in the present study contained 5.7 kg·t −1 N, 3.02 kg·t −1 P 2 O 5 and 8.15 kg·t −1 K 2 O on wet basis (w.b.). Additional mineral fertilizers were applied to ensure a well-balanced nutrient supply of the crops.
The total demand of nutrients and the applied amounts of digestate are shown in Table 2 . For clover grass, it was assumed that no additional mineral fertilizer would be applied if enough digestate is available. Furthermore, the nitrogen fixation ability of clover grass was considered to be 128 kg·ha −1 N, which corresponds with a legume share of around 30% [27] . 
Ensiling Process
The ensiling process was modelled based on the parameters shown in Table 3 . Values for silo dimensions and cover foils are based on common agricultural practice. A weekly substrate removal rate of at least 2 m silo length is required to avoid quality losses at the cutting surface. The silo filling height depends on the targeted removal rate. The ensiling rate depends on the fresh material supply in the silo during harvest and the compaction speed. A slow compaction with a sufficient compaction weight is essential for a safe ensiling process. Selected parameters affect the LCA results in multiple ways. The dimensions of the silos determine the need for ensiling foil made of polymers with certain attributes in terms of durability, strength and density, which affect the demand for raw materials and primary energy. Furthermore, driving speed during compaction and the compaction weight determine the demand of diesel during the ensiling process. 
Manure
It was assumed that the manure for digestion is a waste flow, which derives from livestock farming outside the system boundary. According to the current practice in Germany, the manure is stored on-farm in tanks without gas-tight seals. It was further assumed that the manure is delivered continuously to the biogas plant based on supply contracts. Assumptions for manure properties are shown in Table 1 .
Biogas Plant
The electrical and thermal efficiency of the modeled 500 kW CHP of the biogas plant were 39% and 46%, respectively. To ensure practical feasibility and relevance of the model, dimensions and operational parameters of the biogas plant were parametrized and calculated according to the current state of the art. Operational parameters are displayed in Table 4 . (a) Based on maximum organic load of 3.5 kg oDM·m −3 ·d −1 . (b) German legislation demands a gas-tight storage period of 150 days and a storage capacity for the digestate of 180 days. (c) Based on total electricity production, KTBL [29] . (d) Based on total heat production.
Reference Scenario
Mass and energy flows of the reference scenario are shown in Figure 2 . The major mass flow was a largely closed material cycle where 9660 t of energy crops were ensilaged and then digested in the biogas plant together with 2200 t of manure as a co-substrate. After storage, 7070 t of digestate were returned as fertilizer to the energy crops and a surplus of 1.680 t was applied on cash crops. A total of 3880 MWh el of the generated electricity was fed to the public grid, whereby 287 MWh el was imported as auxiliary energy for the biogas plant. A total of 4580 MWh th heat was generated, whereof 40% could be exported as useful energy and another 25% was used internally to heat the digester. continuously to the biogas plant based on supply contracts. Assumptions for manure properties are shown in Table 1 .
Biogas Plant
The electrical and thermal efficiency of the modeled 500 kW CHP of the biogas plant were 39% and 46%, respectively. To ensure practical feasibility and relevance of the model, dimensions and operational parameters of the biogas plant were parametrized and calculated according to the current state of the art. Operational parameters are displayed in Table 4 . 
Reference Scenario
Mass and energy flows of the reference scenario are shown in Figure 2 . The major mass flow was a largely closed material cycle where 9660 t of energy crops were ensilaged and then digested in the biogas plant together with 2200 t of manure as a co-substrate. After storage, 7070 t of digestate were returned as fertilizer to the energy crops and a surplus of 1.680 t was applied on cash crops. A total of 3880 MWhel of the generated electricity was fed to the public grid, whereby 287 MWhel was imported as auxiliary energy for the biogas plant. A total of 4580 MWhth heat was generated, whereof 40% could be exported as useful energy and another 25% was used internally to heat the digester. By adding sodium hydroxide (NaOH), phosphorous is precipitated in the form of solid salts and dried using a superheated steam dryer (SHS). The ammonia rich condensate of the drying process is mixed with sulfuric acid (H2SO4) to recover nitrogen in the form of ammonium sulfate ((NH4)2SO4). The effluent of the nutrient recovery process contains potassium. Since the recovery of potassium is technically not feasible using the applied technique, it was considered that the potassium rich wastewater of the process can be used to irrigate fields close to the biogas plant. All data used for modelling was obtained from the GOBi project [8] (Table 5 ). Calculations are based on data obtained from GOBi project [8] .
Mass and energy flows of the nutrient recovery scenario are presented in Figure 4 . Mass flow of the energy crops and manure towards the biogas plant was the same as in the reference scenario. Therefore, the energy production from biogas remained unchanged. In contrast to the reference scenario, a surplus of 1880 t digestate was used to recover 1 t phosphorous salts and 25 t ammonium sulfate. By using 1990 MWhth for the nutrient recovery process, the total heat of 4580 MWhth could be utilized completely. By adding sodium hydroxide (NaOH), phosphorous is precipitated in the form of solid salts and dried using a superheated steam dryer (SHS). The ammonia rich condensate of the drying process is mixed with sulfuric acid (H 2 SO 4 ) to recover nitrogen in the form of ammonium sulfate ((NH 4 ) 2 SO 4 ). The effluent of the nutrient recovery process contains potassium. Since the recovery of potassium is technically not feasible using the applied technique, it was considered that the potassium rich wastewater of the process can be used to irrigate fields close to the biogas plant. All data used for modelling was obtained from the GOBi project [8] (Table 5 ). Calculations are based on data obtained from GOBi project [8] .
Mass and energy flows of the nutrient recovery scenario are presented in Figure 4 . Mass flow of the energy crops and manure towards the biogas plant was the same as in the reference scenario. Therefore, the energy production from biogas remained unchanged. In contrast to the reference scenario, a surplus of 1880 t digestate was used to recover 1 t phosphorous salts and 25 t ammonium sulfate. By using 1990 MWh th for the nutrient recovery process, the total heat of 4580 MWh th could be utilized completely. Although there was a net surplus of nutrients, an additional 10 t N of mineral fertilizer was still needed for energy crop production because N was recovered in the form of ammonium sulfate and only 1 t can be used due to the limited respective plant tolerance.
Lactic Acid Scenario (LA)
In the lactic acid scenario, the entire silage consisting of maize and clover grass was mechanically separated by a screw press and only the solid fraction was used as feedstock for anaerobic fermentation. Since no data was available on the technical feasibility of triticale, the crop cultivation was changed to a bipartite crop rotation system with maize and clover grass alone. The liquid fraction was used to extract lactic acid, which could be performed either by bipolar electrode dialysis (LAE) or by applying chemicals (LAH). In this case, hydrochloric acid (HCl) was used, as shown in Figure  5 . Although there was a net surplus of nutrients, an additional 10 t N of mineral fertilizer was still needed for energy crop production because N was recovered in the form of ammonium sulfate and only 1 t can be used due to the limited respective plant tolerance.
In the lactic acid scenario, the entire silage consisting of maize and clover grass was mechanically separated by a screw press and only the solid fraction was used as feedstock for anaerobic fermentation. Since no data was available on the technical feasibility of triticale, the crop cultivation was changed to a bipartite crop rotation system with maize and clover grass alone. The liquid fraction was used to extract lactic acid, which could be performed either by bipolar electrode dialysis (LAE) or by applying chemicals (LAH). In this case, hydrochloric acid (HCl) was used, as shown in Figure 5 . Although there was a net surplus of nutrients, an additional 10 t N of mineral fertilizer was still needed for energy crop production because N was recovered in the form of ammonium sulfate and only 1 t can be used due to the limited respective plant tolerance.
In the lactic acid scenario, the entire silage consisting of maize and clover grass was mechanically separated by a screw press and only the solid fraction was used as feedstock for anaerobic fermentation. Since no data was available on the technical feasibility of triticale, the crop cultivation was changed to a bipartite crop rotation system with maize and clover grass alone. The liquid fraction was used to extract lactic acid, which could be performed either by bipolar electrode dialysis (LAE) or by applying chemicals (LAH). In this case, hydrochloric acid (HCl) was used, as shown in Figure  5 . Both techniques differed in energy demand and the consumption of HCl. Data used for modelling and evaluation was obtained from the GOBi research project [8] and is displayed in Table 6 . In total, LAE consumed 50 kWh electrical energy per ton of press juice, while LAH uses 30 kWh·t −1 and an additional 20 L of HCl. Mass and energy flows of the lactic acid scenario are presented in Figure 6 . From 8800 t silage consisting of maize and clover grass, 4800 t of the liquid fraction could be separated, finally resulting in 111 t of lactic acid. For the extraction by bipolar electrode dialysis, 209 MWh el electricity were required and 105 MWh el by using 99 t of HCl. The mechanical separation of the press sap from the silages lead to a reduced mass flow of 4620 t press cake and 1160 t manure to the biogas plant and hence to a reduced energy production of 2760 MWh el and 3260 MWh th . Biogas generation was adapted to the lower water content of the press cake compared to the untreated silage. The maximum organic loading rate (OLR) of the digester was reduced to 2 kg oDM·m −3 ·d −1 to avoid overloading of the biogas process. Accordingly, the power of the installed CHP was reduced from 500 to 160 kW. The reduced amount of digestate was taken into account by increasing the mineral fertilizer application to meet the actual crop requirements. Both techniques differed in energy demand and the consumption of HCl. Data used for modelling and evaluation was obtained from the GOBi research project [8] and is displayed in Table  6 . In total, LAE consumed 50 kWh electrical energy per ton of press juice, while LAH uses 30 kWh•t −1 and an additional 20 L of HCl. Mass and energy flows of the lactic acid scenario are presented in Figure 6 . From 8800 t silage consisting of maize and clover grass, 4800 t of the liquid fraction could be separated, finally resulting in 111 t of lactic acid. For the extraction by bipolar electrode dialysis, 209 MWhel electricity were required and 105 MWhel by using 99 t of HCl. The mechanical separation of the press sap from the silages lead to a reduced mass flow of 4620 t press cake and 1160 t manure to the biogas plant and hence to a reduced energy production of 2760 MWhel and 3260 MWhth. Biogas generation was adapted to the lower water content of the press cake compared to the untreated silage. The maximum organic loading rate (OLR) of the digester was reduced to 2 kg oDM•m −3 •d −1 to avoid overloading of the biogas process. Accordingly, the power of the installed CHP was reduced from 500 to 160 kW. The reduced amount of digestate was taken into account by increasing the mineral fertilizer application to meet the actual crop requirements. 
Summary of the Key Values of the Scenarios
In order to show the differences within the inputs and outputs between the scenarios the relevant key values are compiled in Table 7 . 
Gaseous Emissions and Nutrient Leaching
Nutrient emission and leaching rates were considered based on previously published data and experience from practical applications, which is widely accepted and used frequently for LCA studies. Since the study represented an average biogas plant in Germany, no site-specific calculation of emissions and leaching rates was conducted.
Diffuse emissions of methane from the biogas plant as well as unburnt methane derived from the CHP were taken into account at 1% and 0.5% of the totally produced methane, respectively. This comes close to the generalized 2%-approach of Dressler et al. [30] and Lansche and Müller [31] .
In addition, the application of fertilizers on fields causes emissions even under the assumption of best agricultural practice, especially in the case of nitrogen fertilizers. Nitrogen losses through leaching (NO 3 ) were estimated at 10% of the applied N. Losses to the air in form of ammonia (NH 3 ) were estimated at 8.75% of the applied N. Additionally, nitrous oxide (N 2 O) is generated and released during fertilization. According to Brentrup et al. [32] N 2 O emissions were considered at 1.25% of the applied N. Losses of phosphorous to freshwater in the form of phosphate were taken into account based on the fertilizer's datasets in the software. Environmental impacts of the calculated emission were considered by the embedded algorithms of the GaBi software.
Credits
Since electricity and heat deriving from biogas can substitute energy from fossil sources, credits were issued for the electricity produced and the heat utilized. Credit for electricity was assessed in relation to the environmental impact of 1 kWh el derived from the standard energy mix of Germany in 2016. For the utilized heat, credit was given according to the guidelines of the Federal Ministry for the Environment, Nature Conservation, Building and Nuclear safety in Germany [33] .
A part of the biogas digestate in the reference scenario was used as fertilizer for cash crops on additional external areas. A credit could be given for this amount as it replaces mineral fertilizers. Accordingly, the fertilizing value of the digestate was converted into mineral fertilizer equivalents and taken into account in the study. No credits were granted for the avoided storage of manure since it was assumed that it was delivered continuously to the power plant and that gas-tight covered storage is not yet standard in Germany. Furthermore, no credits were granted for the substitution of synthetic lactic acid since the lactic acid previously obtained from silage consisted of a mixture of l-lactic acid and d-lactic acid and could not replace pure substances. Depending on the composition of the digestate, a part of the nitrogen and phosphorous contained was not required for demand oriented plant fertilization. Recovering this surplus of nutrients created a substitute for mineral fertilizers. Therefore, credits according to the environmental impact of the mineral substitutes were granted according the Ecoinvent database.
Life Cycle Impact Assessment
Results were classified based on the International Reference Life Cycle Data System (ILCD) method recommendation, provided by the European Commission-Joint Research Centre [34] , which has been used in several studies on biogas [35, 36] .
Results from mass balances were assessed relating to the 100-year global warming potential (GWP) based on data from the IPCC 4th assessment report excluding biogenic CO 2 [37] . Assessment of the GWP was selected due to the relevant contribution of the agricultural sector to climate change in the form of gaseous emissions. The emission potential is related to the use of fertilizers, machines and methane emissions from husbandry as well as from biogas production. Furthermore, assessment of the primary energy demand (PED) was necessary due to the high energy demand of the investigated processes and the background systems of the agricultural sector. Furthermore, the eutrophication potential (EP) was assessed due to its high relevance in agricultural processes. PED and EP were evaluated based on the methodology introduced by Struijs et al. [38] and recommended for LCA studies by the European Commission-Joint Research Centre.
Results
Reference Scenario
The total GWP of the reference scenario (RF) and the components thereof is presented in Figure 7 . Under modelled conditions, the generated electricity from biogas results in a negative GWP of −0.55 kg CO 2 -eq·FU −1 when considering the credits for substitution of fossil energy. Negative GWP indicates a net savings of CO 2 equivalents. The energy consumption to operate the biogas plant results in a GWP of 0.047 kg CO2-eq. The substrate supply contributes to the GWP with 0.15 kg CO2-eq. Overall, maize silage contributes the most with 0.13 kg CO2-eq followed by triticale with 0.02 kg CO2-eq and clover grass silage with 0.001 kg CO2-eq. GWP of transportation processes is low with 0.003 kg CO2-eq. The conversion of substrates to biogas and finally to electricity and heat is summarized under the term "anaerobic digestion," resulting in a GWP of −0.72 kg CO2-eq. The main factors reducing the GWP are credits for the avoided use of fossil fuels and credits for the heat used, totaling −0.95 kg CO2-eq, which are included in "anaerobic digestion." The main factor that increases the GWP within the anaerobic digestion is the methane slip with 0.23 kg CO2-eq.
The results for the GWP of the substrates depend on their share in the substrate mix. For a better comparison, the GWP of the different substrates for the sole generation of 1 kWhel is presented in Figure 8 . Results show that the GWP is similar to the energy production from maize with 0.179 kg CO2-eq and triticale with 0.174 kg CO2-eq, while the energy production from clover grass causes a lower GWP with 0.09 kg CO2-eq. The main contributing factor is the application of fertilizers and the resulting emissions. The use of fertilizers in maize has a larger impact on the GWP with 0.1 kg CO2-eq than in triticale with 0.06 kg CO2-eq or clover grass with 0.04 kg CO2-eq. Crop effects like nitrogen- The energy consumption to operate the biogas plant results in a GWP of 0.047 kg CO 2 -eq. The substrate supply contributes to the GWP with 0.15 kg CO 2 -eq. Overall, maize silage contributes the most with 0.13 kg CO 2 -eq followed by triticale with 0.02 kg CO 2 -eq and clover grass silage with 0.001 kg CO 2 -eq. GWP of transportation processes is low with 0.003 kg CO 2 -eq. The conversion of substrates to biogas and finally to electricity and heat is summarized under the term "anaerobic digestion," resulting in a GWP of −0.72 kg CO 2 -eq. The main factors reducing the GWP are credits for the avoided use of fossil fuels and credits for the heat used, totaling −0.95 kg CO 2 -eq, which are included in "anaerobic digestion." The main factor that increases the GWP within the anaerobic digestion is the methane slip with 0.23 kg CO 2 -eq.
The results for the GWP of the substrates depend on their share in the substrate mix. For a better comparison, the GWP of the different substrates for the sole generation of 1 kWh el is presented in Figure 8 . The energy consumption to operate the biogas plant results in a GWP of 0.047 kg CO2-eq. The substrate supply contributes to the GWP with 0.15 kg CO2-eq. Overall, maize silage contributes the most with 0.13 kg CO2-eq followed by triticale with 0.02 kg CO2-eq and clover grass silage with 0.001 kg CO2-eq. GWP of transportation processes is low with 0.003 kg CO2-eq. The conversion of substrates to biogas and finally to electricity and heat is summarized under the term "anaerobic digestion," resulting in a GWP of −0.72 kg CO2-eq. The main factors reducing the GWP are credits for the avoided use of fossil fuels and credits for the heat used, totaling −0.95 kg CO2-eq, which are included in "anaerobic digestion." The main factor that increases the GWP within the anaerobic digestion is the methane slip with 0.23 kg CO2-eq.
The results for the GWP of the substrates depend on their share in the substrate mix. For a better comparison, the GWP of the different substrates for the sole generation of 1 kWhel is presented in Figure 8 . Results show that the GWP is similar to the energy production from maize with 0.179 kg CO2-eq and triticale with 0.174 kg CO2-eq, while the energy production from clover grass causes a lower GWP with 0.09 kg CO2-eq. The main contributing factor is the application of fertilizers and the resulting emissions. The use of fertilizers in maize has a larger impact on the GWP with 0.1 kg CO2-eq than in triticale with 0.06 kg CO2-eq or clover grass with 0.04 kg CO2-eq. Crop effects like nitrogen- Results show that the GWP is similar to the energy production from maize with 0.179 kg CO 2 -eq and triticale with 0.174 kg CO 2 -eq, while the energy production from clover grass causes a lower GWP with 0.09 kg CO 2 -eq. The main contributing factor is the application of fertilizers and the resulting emissions. The use of fertilizers in maize has a larger impact on the GWP with 0.1 kg CO 2 -eq than in triticale with 0.06 kg CO 2 -eq or clover grass with 0.04 kg CO 2 -eq. Crop effects like nitrogen-based emissions from fertilization are 0.06 kg CO 2 -eq in triticale and 0.05 kg CO 2 -eq in maize and clover grass. Furthermore, sowing and harvesting of the crops lead to minor deviations in the GWP, while the transport processes are negligible.
Nutrient Recovery
After anaerobic fermentation, 0.0014 kg·FU −1 of P-salts and 0.029 kg·FU −1 of (NH 4 ) 2 SO 4 can be recovered from the digestate by nutrient recovery. Detailed GWP burdens and credits of the nutrient recovery scenario are shown in Figure 9 . based emissions from fertilization are 0.06 kg CO2-eq in triticale and 0.05 kg CO2-eq in maize and clover grass. Furthermore, sowing and harvesting of the crops lead to minor deviations in the GWP, while the transport processes are negligible.
After anaerobic fermentation, 0.0014 kg•FU −1 of P-salts and 0.029 kg•FU −1 of (NH4)2SO4 can be recovered from the digestate by nutrient recovery. Detailed GWP burdens and credits of the nutrient recovery scenario are shown in Figure 9 . The total GWP caused by the nutrient recovery scenario beyond the reference scenario lies at 0.028 kg CO2-eq•FU −1 . The largest contributor is the SHS dryer with 0.018 kg CO2-eq, followed by the phosphorous recovery process with 0.007 kg CO2-eq and the nitrogen recovery process with 0.03 kg CO2-eq. The share of the solid/liquid separation of the digestate on the GWP is very small at 0.00047 kg CO2-eq•FU −1 . The use of energy was determined as the main contributing factor within all processes. In total, the energy input causes 80% of the GWP of the nutrient recovery scenario followed by the use of chemicals with 19%. Credits given for recovered N and P lowered the GWP by 0.0015 kg CO2-eq•FU −1 and 0.0005 kg CO2-eq•FU −1 , respectively.
Lactic Acid Extraction
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The total GWP of the lactic acid scenario amounts to −0.27 kg CO 2 -eq for LAH and −0.26 kg CO 2 -eq for LAE, respectively. Compared to the reference scenario, the net CO 2 savings for the LAH and LAE scenario are about halved. The GWP burdens excluding all identical processes within LAH and LAE are shown on the right in Figure 10 . The energy based LAE process causes a slightly higher GWP with 0.05 kg CO 2 -eq, than the LAH process based on chemicals with 0.04 kg CO 2 -eq. The total GWP of the lactic acid scenario amounts to −0.27 kg CO2-eq for LAH and −0.26 kg CO2-eq for LAE, respectively. Compared to the reference scenario, the net CO2 savings for the LAH and LAE scenario are about halved. The GWP burdens excluding all identical processes within LAH and LAE are shown on the right in Figure 10 . The energy based LAE process causes a slightly higher GWP with 0.05 kg CO2-eq, than the LAH process based on chemicals with 0.04 kg CO2-eq.
Comparison of Scenarios
The total GWP of the scenarios including credits is compared in Figure 11 . Results show that all scenarios lead to a net CO2 savings, even if additional processes such as nutrient recovery with −0.65 kg CO2-eq, lactic acid extraction using energy with −0.27 kg CO2-eq or lactic acid extraction based on chemicals and energy with −0.26 kg CO2-eq are applied. In the lactic acid scenarios, the GWP is increased by −0.55 kg CO2-eq in relation to the reference scenario. The recovery of nutrients leads to an increased CO2 savings in relation to the reference scenario if credits for electricity and heat production from biogas are included.
Regarding the nutrient recovery scenario, the burdens are shared as follows: (i) by 97% or 0.03 kg CO2-eq for energy production, (ii) by 2.5% or 7.0•10 −4 kg CO2-eq for N recovery and (iii) by 0.5% or 1.4•10 −4 kg CO2-eq for P recovery. Within the lactic acid extraction processes, 60% or 0.16 kg CO2-eq are caused by energy production and 40% or 0.1 kg CO2-eq from lactic acid by burden sharing based on market prizes.
Primary energy demand (PED) of the scenarios is compared in Figure 12 . 
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The demand of primary energy is 3.6 MJ for the reference scenario. Crop production using fertilizers is the main contributor to the PED with 3.3 MJ, which amounts to 93% of the total PED. When nutrient recovery is performed, the PED slightly increases to 4. The demand of primary energy is 3.6 MJ for the reference scenario. Crop production using fertilizers is the main contributor to the PED with 3.3 MJ, which amounts to 93% of the total PED. When nutrient recovery is performed, the PED slightly increases to 4.3 MJ•FU −1 . The additional energy demand of 0.7 MJ comprises 0.3 MJ from the SHS drying, 0.2 MJ from the phosphorus recovery and 0.2 MJ from the nitrogen recovery.
Extraction of lactic acid causes an increased PED compared to the reference scenario. The main contributor is the energy crop production with a share of 83%. Differences between the combined energy, the chemical based LAH and the sole energy based LAE are small. LAH causes almost the same PED with 19.3 MJ as LAE with 19.4 MJ. The production of HCl demands slightly less primary energy than the generation of energy, which is necessary to obtain the same amount of purified lactic acid.
Fresh water eutrophication (EP) caused by the immission of chemicals such as nitrogen in the various scenarios is compared in Figure 13 . The eutrophication potential of the reference scenario is 9.86 × 10 −5 kg P-eq. The main contributors are the utilization of energy with 5.83 × 10 −5 kg P-eq, which equals 60% and the crop production systems with 3.56 × 10 −5 kg P-eq equaling 36%. When nutrients are recovered, EP increases to 1.34 × 10 −4 P-eq, although the main contributing parameters remain the same as in the reference scenario. Extraction of lactic acid in general causes a higher EP than the recovery of nutrients. The EP of LAH and LAE is 2.1 × 10 −4 kg P-eq and 2.4 × 10 −4 kg P-eq, respectively. The main processes contributing to the EP are agricultural production, utilization of energy and the use of HCl in LAH.
Discussion
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The results calculated for the reference scenario are similar to those stated by different studies for the energy production from biogas, although FU, system boundaries and credits granted for The eutrophication potential of the reference scenario is 9.86 × 10 −5 kg P-eq. The main contributors are the utilization of energy with 5.83 × 10 −5 kg P-eq, which equals 60% and the crop production systems with 3.56 × 10 −5 kg P-eq equaling 36%. When nutrients are recovered, EP increases to 1.34 × 10 −4 P-eq, although the main contributing parameters remain the same as in the reference scenario. Extraction of lactic acid in general causes a higher EP than the recovery of nutrients. The EP of LAH and LAE is 2.1 × 10 −4 kg P-eq and 2.4 × 10 −4 kg P-eq, respectively. The main processes contributing to the EP are agricultural production, utilization of energy and the use of HCl in LAH.
The results calculated for the reference scenario are similar to those stated by different studies for the energy production from biogas, although FU, system boundaries and credits granted for avoided fossil energy are slightly deviating [22, 31, 39, 40] . The contribution of the different biogas substrates to the GWP is remarkable. The effect of maize on the GWP seems to be higher than that of other substrates. Figure 8 shows that this result is mainly based on the mass flow differences of the substrates. Based on energy, the GWP of maize and triticale is similar, and only clover grass has a lower GWP due to the lower mineral fertilizer demand. Furthermore, single substrate specific results are similar to a study of Jacobs et al. [41] , who found a GWP of 0.137 to 0.149 kg CO 2 -eq per kWh el for maize even though the methodology differs slightly [41] . Compared with the models shown in other studies, the reference scenario has a higher energy demand [42] . This is due to the different substrate compositions and feeding conditions of the biogas plants, which have a significant impact on the PED. In addition, the installed power of the CHP (500 kW) in the present study differs from the cited study where it was 186 kW. Regarding the EP, it can be stated that the reference model of the present study is similar to the results of other workgroups using miscanthus and switchgrass as feedstock [39] .
The results highly depend on input materials and production processes like crop rotations as well as credits given for heat utilization. Credits in this study were given based on the ratio of the thermal and electrical energy mix in Germany for the year 2016. This mix is continuously changing and will require updating of the study in the future. Furthermore, the nutrient composition of the digestate highly depends on the input substrates, which implies that results of the present work regarding the fertilizing value of the digestate cannot be generalized.
The results show that nutrients can be recovered from digestate resulting in a positive impact on the GWP compared to the reference scenario and further lead to a lower impact on the environment with respect to the PED. The main benefit of the nutrient recovery is the possibility to completely utilize the heat provided by the biogas plant. In this case, fossil energy can be preserved, while no unutilized heat is released to the environment. As the proper use of the generated heat is one of the big challenges in the field of biogas production, the recovery of nutrients shows a conceivable way of reducing energy losses, which is also demanded by Federal legislation [1] . Furthermore, decoupling of the major nutrients nitrogen, phosphorous and potassium, offers the opportunity of demand oriented fertilization by optimal blending and can be considered a positive side effect. Nutrient recovery further provides an opportunity to transport and store nutrients in a cost efficient way. This aspect becomes interesting if this technique is applied in regions with a nutrient oversupply caused by high feedstock density [19, 43] . Consequently, the recovery of nutrients from biogas digestate provides a sustainable solution to reduce the impact of the agricultural sector on the groundwater quality due to the leaching of surplus nutrients, which is a current issue in the discussions between Germany and its European partners. Although the additional energy input for the nutrient recovery is relatively low compared to the biogas production (Figure 12 ), the application needs to be evaluated in the context of the regional nutrient demand. Nutrient recovery should only be applied for the net surplus of nutrients in order to avoid wasting energy and resources.
The agricultural production has a large effect on the EP due to fertilization and subsequent leaching of nutrients to freshwater. This aspect is also described by other authors [39, 42] . Furthermore, the utilization of energy and chemicals has a high influence on the EP. This effect becomes visible when comparing the nutrient recovery and the lactic acid extraction scenarios. Lactic acid extraction scenarios and nutrient recovery have a similar total nutrient flow but EP differs significantly. Differences are caused by the high energy demand of SHS drying and to a minor degree by chemicals consumed by P-and N-recovery.
Germany's present turnaround in energy policy focuses mainly on wind and solar energy. This leads to decreasing feed-in tariffs for energy from biogas [1]. Lactic acid extraction by pressing silages is a possibility to generate an additional source of income for biogas plant operators. Hence, the generation of lactic acid might strengthen the economic competitiveness of the biogas sector within the policy framework in Germany.
However, the environmental impacts of lactic acid extraction are higher than that of the reference scenario. When lactic acid is extracted the total mass flow towards the biogas power plant decreases to about 50%. Furthermore, water is also removed from substrates by lactic acid extraction. Therefore, the OLR was reduced to 2 kg oDM·m −3 ·d −1 to avoid an overload of the biogas process. This results in a lower total production of methane and hence electricity and heat. Consequently, credits for heat utilization and substitution of fossil energy are also reduced. At the same time, the effort for energy consuming plant production remains unchanged, which results in a higher GWP per FU. If lactic acid extraction is applied, it has to be considered that the amount of digestate is also reduced, while the cultivation area remains unchanged. Therefore, crop fertilization management needs to be adapted resulting in an additional demand for mineral fertilizers, especially phosphorus. This leads to a higher PED and GWP compared to the reference scenario and subsequently causes further economic uncertainties for the biogas plant operators. If lactic acid should be extracted from silages while obtaining the initially installed power of 500 kW, the cultivation area would have to be increased by 39%, which should be considered in the background of the discussion on food security. Since the present study does not cover the aspect of land use efficiency, an evaluation of the sustainability of an increased cultivation area for the generation of lactic acid is not possible. Furthermore, the aspect of waste recycling and disposal from the lactic acid extraction needs to be addressed if the technique should be applied. Due to the fact that HCl is considered a dangerous substance under German law, it is not permitted to recycle the wastewater from lactic acid extraction in the biogas power plant. On the other hand, recycling the wastewater from the bipolar electrodialysis in the biogas digester could be possible, although the chemical composition and hence its effect on the biogas production is still unknown and not covered by the present study. Finally, the results of the present work may contribute to the scientific discussion and may serve as a clue for policy makers to identify eligible technologies.
Conclusions
Results of the present study show that nutrient recovery from digestate and extracting lactic acid from biogas substrates are sustainable solutions in terms of GWP that can be integrated in the energy production from biogas under modelled conditions within a bio-refinery concept. Regarding PED, the recovery of nutrients and the extraction of lactic acid causes a higher consumption of primary energy. However, modelled processes are based on prototypes and it is likely that the PED will be reduced significantly when the techniques become widespread. For the recovery of nutrients, detailed knowledge of regionally available nutrients is essential to benefit from the advantages of decoupled nutrients and the possibility of saving fossil phosphorus recourses. It can be stated that EP increases whenever extensions are added to the reference scenario. EP rises mostly with an increased utilization of energy and an additional consumption of chemicals. In order to decrease EP values, energy consumption in particular must be reduced. The results of this study show the potential of novel technologies as part of bio-refinery concepts that can improve the biogas production and adapt it to actual challenges of the energy sector. Nevertheless, further studies, which also address the potassium loaded effluent of the nutrient recovery process, are required. Due to the low concentration, the effluent application is currently limited to areas near to the nutrient recovery facility. Due to frequent changes in legal and environmental conditions, the model of the present work needs to be continuously updated to serve as a decision-making tool for both, practical users and policy makers. Since the techniques described in the present study are still only applicable on a pilot scale, further research is necessary to bring the technologies to market maturity. The main areas of application are in regions with a high density of raw materials and limited agricultural land. The urgency of the nutrient surplus problem in these regions calls for increased research and the support of policy makers to foster development activities. 
